Abstract Annual shell growth was determined by mark and recapture in the limpet Nacella concinna (Strebel 1908) at two contrasting sites in Antarctica. At Signy Island, 60°S, growth was moderately fast, comparable with some limpets in more temperate areas. The fluorescent calcium marker calcein was used to validate the results from the mark/recapture study, and fine-scale growth increments showed that shell growth was seasonal. Further south at Rothera Point, 67°S, mean annual growth over a 3-year period was significantly slower than at Signy, and in 1 year was the slowest yet reported for a limpet. Comparison with an earlier mark/ recapture study at Arthur Harbour, Palmer Station (64°S) revealed a cline of decreasing growth performance with increasing latitude along the Antarctic Peninsula. It is not clear whether the slower annual growth rate at higher latitude was caused by physiological constraints, a reduced length of growing season, or a combination of both. Limpets show a global cline in growth performance, which decreases towards higher latitudes.
Introduction
Knowledge of patterns of growth is fundamental to an understanding of life-history. Annual growth rate is critical to population dynamics, and patterns of seasonal growth rate provide valuable insight into the ecological factors influencing growth. In high-latitude ecosystems, seasonal patterns of growth may also be used to examine evolutionary adaptation to temperature (Clarke 1991) .
The Antarctic limpet Nacella concinna (Strebel 1908) (family Nacellidae) is widely distributed in the Southern Ocean, being found from South Georgia, islands of the Scotia arc and along the Antarctic Peninsula (Powell 1973) . It is very abundant in shallow waters, with a subpopulation that moves into the intertidal in summer (Walker 1972) . These intertidal limpets move back into the subtidal in winter when the ice-foot forms, and can be distinguished morphologically from the non-migratory subtidal population (Walker 1972; Nolan 1991a) . They cannot, however, be distinguished genetically using allozymes (Beaumont and Wei 1991) .
N. concinna has been studied widely in Antarctica (Walker 1972; Shabica 1976; Picken 1980; Breˆthes et al. 1994) . Although there is a general consensus that annual growth is slow, estimates of growth rate differ between studies. This may reflect geographical or interannual variability in growth, but it may also result from differences in technique. In particular, the technique of following modal size-classes in sequential samples is often very difficult in slow-growing species with intermittent recruitment, both of which are features typical of Antarctic benthic marine invertebrates (Clarke 1983; Brey and Clarke 1993) .
An alternative to size-frequency analysis is to section the shell and determine annual growth from bands in the shell structure (Richardson 2001) . This technique, although time-consuming, may also provide valuable information on shorter-term patterns of growth (seasonal, daily or even tidal). Unfortunately, this technique has also proved problematical in many polar animals, as the slow overall growth rate produces very narrow growth bands, which can be misinterpreted (Peck and Brey 1996; Peck et al. 1997) . In extreme cases, it can even be difficult to establish what constitutes an annual set of growth bands. These problems can be alleviated by the use of a permanent internal shell marker, as long as the protocol used can be shown not to affect the growth measurement. Recent studies have suggested that the non-toxic calcium marker calcein may be such a suitable marker (Medeirosbergen and Ebert 1995; Stewart 1996; Moran 2000; Lamare and Mladenov 2000) .
It is therefore unlikely that size-frequency analyses will provide robust estimates of growth in Antarctic marine invertebrates, except perhaps in the earliest stages of growth. A better approach is to follow the growth of individual animals in the field using mark and recapture techniques, where individual animals are measured before and after a period of growth in the natural environment. This period must be long enough for measurable growth to take place, and in Antarctica marine invertebrate growth is typically so slow that individuals must be left for quite long periods, typically at least 1 year, in order to obtain measurable growth.
The aims of this study were therefore:
1. To compare the annual shell growth of N. concinna at two sites in Antarctica, using mark and recapture techniques, and compare these data with previous studies. 2. To determine seasonal patterns of shell growth in N. concinna from internal growth bands, using calcein as an internal shell mark.
Materials and methods

Mark and recapture experiment at Signy Island
Samples of N. concinna (Strebel 1908) were collected by scuba-divers from depths of 6-8 m close to the research station at Signy Island ( Fig. 1 ) in early March 1994. A wide size range (12-40 mm in length) was selected, and care was taken to sample only the subtidal population. Limpets were held in recirculating aquaria maintained at ambient seawater temperature (0±0.5°C) whilst they were measured and labelled. The length and breadth of 227 limpets were measured to the nearest ±0.1 mm with vernier calipers, and the shell then painted with a unique reference number. For labelling, the limpets were held in shallow trays of seawater to enable them to maintain irrigation of their mantle cavities whilst the top portion of the shell dried. The reference number was applied in enamel paint, and a spot of day-glo paint applied to make subsequent recapture easier. Both marks were sealed with cyanoacrylate gel to reduce loss by abrasion.
Before being returned to the wild, limpets were labelled with calcein, a non-toxic fluorescent marker chemically related to fluorescein and introduced by Diehl and Ellingboe (1956) . Calcein binds with calcium at calcification sites in molluscan shells (Stewart 1996) , and when excited by blue light (492-497 nm), it fluoresces green (519-522 nm) and can be seen clearly in thin sections of the shell. Limpets were marked with calcein by holding them for 72 h in an aerated tank of seawater at ambient temperature containing 500 mg l À1 of calcein. The addition of calcein turns seawater slightly acidic and the pH was adjusted back to pH 8.10 (ambient seawater at Signy Island) using 0.1 M NaOH. Limpets were then transferred to a tank of clean seawater for 24 h before being returned to the wild close to the point from which they had been collected initially.
In total, 126 marked limpets were recovered by scuba-divers in late February 1995 (Table 1) . Logistic constraints prevented a more thorough recovery of the labelled limpets, and restricted the free-living period to slightly less than a full year. Each limpet was remeasured with vernier calipers, shucked of tissue and the dried shell returned to the United Kingdom.
Thin sections of limpet shells from Signy Island
For examination of the calcein marker band, a thin sagittal section (0.1 mm) was cut from the centre of the shell, polished and mounted on a microscope slide. The section was then examined with a compound epifluoresence microscope using a blue filter (470-to 500-nm bandpass) on the excitation light. The calcein band fluoresced bright-green; it was sharply defined, and could be detected easily at either end of the shell. The growth increment could therefore be measured precisely at both ends (front and rear) of the shell section, and summing the growth increment on the two sides gave a measure of total growth increment.
The thin sections were also examined with scanning electron microscopy. Fine-scale growth bands were clearly visible and the total number of these bands between the calcein mark and the growing edge of the shell was counted for five shells of differing size.
Mark and recapture experiment at Rothera Point A similar mark and recapture experiment was undertaken close to the research station at Rothera Point, Adelaide Island (Fig. 1 ). Limpets were collected, marked and recaptured in the same way as at Signy, except that the exposure period was from mid-winter to mid-winter, and the limpets were not labelled with calcein. Three consecutive experiments were undertaken. The first ran from July 1997 to 1998, the second from July 1998 to August 1999, and the third from August 1999 to 2000. Details of these experiments are given in Table 1 .
Mark and recapture data from Arthur Harbour An earlier, unpublished, mark/recapture study of shell growth in N. concinna was undertaken at an intermediate latitude (Arthur Harbour, Palmer Station; Fig. 1 ) by Shabica (1976) . In this study, 627 intertidal and subtidal limpets were marked and 194 (31%) recovered between 321 and 358 days later. Shabica adjusted all size increments linearly to a growth period of 365 days. Although the raw data are no longer available, a detailed plot of the corrected growth increment in relation to initial length (Fig. 80 in Shabica 1976 ) allows a direct comparison with our results.
Statistical analysis of mark/recapture data
We designate the shell length at first capture by L 1 at t 1 (where t 1 is the time of return to the wild after marking), the corresponding recapture data as L 2 at t 2 , the length increment by d L (=L 2 ÀL 1 ) and the time lag by d t (=t 2 Àt 1 ). Six limpets whose apparent growth increment was negative and which had decreased in shell length by more than 1 mm were assumed to represent measurement errors, and hence were excluded from further analysis.
Mark/recapture data were arranged in the form L 1 at t 1 and L 2 at t 2 to enable a variety of growth models to be fitted to the data sets from the different sites and/or years using an iterative non-linear procedure based on the Newton algorithm. The growth models fitted comprised the specialized von Bertalanffy, generalized von Bertalanffy, Gompertz, Richards and Tanaka models. The fit of all these were similar, so we chose to fit the simplest model, which was the specialized von Bertalanffy:
Overall growth performance was measured by the index, Ø, of Munro and Pauly (1983) . This index was derived empirically from the relationship between K and L ¥ , observed in many fish stocks, and calculated as:
; ¼ lnðKÞ þ 2 lnðL 1 Þ Significant differences in growth between sites/years were identified by analysis of covariance (ANCOVA) (increment d L vs site/year and covariate initial size L 1 ) and subsequent post-hoc test with Tukey's HSD. Data from limpets of initial length (L t ) outside the range 14-40 mm were omitted to avoid any bias caused by sitespecific differences in size spectra. Note that the relation between d L and L 1 resembles the linearized form of the von Bertalanffy model introduced by Chapman (1961) and Gulland (1969) .
Results
Validation of growth increment measures by calcein labelling
In total, 126 limpets labelled with calcein at Signy in 1994 were recovered in 1995 and their shells returned to the United Kingdom. A subsample of 40 of these limpets was selected at random, covering the range of annual increments observed, and examined microscopically. The calcein growth mark was very sharp, and clearly visible by microscopy. The annual increment in shell growth as measured from the calcein mark, and summing data from both sides of the shell, was compared Table 1 Mark and recapture details for N. concinna at Signy Island, Rothera Point (this study) and Arthur Harbour (Shabica 1976 with that estimated directly from mark/recapture study of the same limpets (Fig. 2) . The correlation between the two measures was highly significant (r 2 =0.89, P<0.001), and the hypothesis that the fitted regression line passed through the origin could not be rejected (P>0.10). The slope of the fitted relationship was, however, significantly less than unity (b=0.789, P<0.05). The explanation for the lower slope lies in the geometry of the limpet shell. The annual increment in shell material in a limpet increases both height and length of the shell. Both increments are measured by the calcein labelling and microscopy, whereas mark/recapture measures only the increment in length.
Analysis of fine-scale internal growth marks
Numerous internal fine-scale growth marks were detected in the five shells from Signy Island examined with a scanning electron microscope. The total number of fine-scale growth marks was far from easy to determine, because individual growth marks varied greatly in their clarity. Data for the total number of growth marks detected between the calcein mark and shell edge for five limpets varying in size are given in Table 2 . All of the shells examined showed a cyclic variation in distance between successive fine-scale growth marks, which ranged from 4 to >16 lm (Fig. 3) . During the periods shortly after tagging and immediately before recapture (at the end and the start of the austral winter), growth marks were narrowly spaced; in between (presumably during the peak of the austral summer), they were more widely spaced. These differences in the breadth of finescale internal shell growth bands are typical of molluscs with seasonal shell growth (Richardson 2001 ).
Limpet growth from mark/recapture data
The recovery rate of marked limpets ranged between 31 and 55%, and the average time lag between marking and recapture was approximately 1 year at all sites (Table 1) . Previous studies of N. concinna at Signy Island had Table 2 Individual fine-scale internal shell growth marks detected in thin sections of the shell using scanning electron microscopy, between the calcein mark and the growing edge of the shell in five individual N. concinna; Signy Island, 1994/1995. L and S refer to the two sides of the sectioned shell; because of the asymmetric shape of the shell, one side of the section (L) showed a larger absolute annual growth increment than the other (S). Annual growth is the absolute increment in shell length between mark and recapture, and duration is the period between returning the individual limpet to the wild and subsequent recapture shown that, at least in young individuals, the annual increment in shell growth was confined to the summer and was largely complete by early March (Picken 1980; Nolan 1991b) , and a seasonal variation in shell growth was also indicated in our study by the analysis of finescale growth marks in the shell (Fig. 3) . The linear adjustment of all growth increments to a standard growth period of 365 days caused negligible change in either growth model parameters or the ANCOVA results. Raw growth increment data (unadjusted for actual value of d t) were therefore used in all statistical analyses, although for Arthur Harbour (Shabica 1976) , only the corrected data were available. The annual increment of shell growth in N. concinna was highly variable between sites (Fig. 4) , as well as between years (Fig. 5) (1970) and Rothera Point (1999) ( Table 3) . As would be expected from the growth increment plots (Figs. 4, 5) , the parameters of the von Bertalanffy growth model varied substantially between data sets, as did the corresponding growth performance index Ø ( Table 2 ). The growth increment plot (Fig. 5) , as well as the Ø-value of 6.065 (Table 3) indicate that annual shell growth was particularly rapid in the season 1998/1999 at Rothera Point.
Not all marked limpets were recovered the following year (Table 1) . However, 31 limpets marked at Rothera Point in 1997 were recovered in all subsequent years. Plots of annual growth increment in these limpets , 1997, 1998 and 1999) . Individual regression lines marked to identify site of study (SI Signy Island; AH Arthur Harbour; RP Rothera Point) (Fig. 6) showed that the interannual variability in population mean growth rate determined from statistical analysis of the entire data set was exhibited by all individuals, and not just a few. This points clearly to environmental factors forcing growth rate variation in the entire population at a given site.
Discussion
This study has shown that mark/recapture techniques are a suitable approach for determining population growth rates in limpets. Residual variance differed significantly (P<0.05) between years. Although natural variability in growth rate between individuals will contribute to such interannual differences, this suggests that variations in the care with which limpets are sampled and measured by different workers can affect the precision of the results. Use of the fluorescein-related calcium marker calcein verified the mark/recapture data, but analysis of fine-scale internal shell growth marks demonstrated that examination of internal shell structure is likely to be a difficult technique to apply in Antarctic marine invertebrates where growth is both slow and seasonal.
Two features of the shell growth of N. concinna are of particular interest. The first is the latitudinal cline in annual growth rate, and the second is comparison with data for other patellacean limpets.
Latitudinal variation in growth rate
The results from large-scale mark/recapture studies at three sites along the Antarctic Peninsula between 60°43¢ (Signy Island) and 67°34¢ (Rothera Point) reveal a latitudinal cline in annual shell growth rate which, however, can be obscured by strong interannual variability (Table 3) . On average, growth performance was highest at Signy Island (Ø=5.947) and equally low at Arthur Harbour (1 year only) and Rothera Point (average of 3 years). During the period 1998/1999, however, growth performance at Rothera (Ø=6.065) was even higher than at Signy in 1994/1995, whereas for limpets measured at Rothera the previous year, 1997, growth performance was about 25% lower. In terms of annual shell growth increments, these differences can be quite large (Figs. 4, 5) . Thus for a limpet approaching sexual maturity, which in N. concinna is achieved typically at a shell length of $20 mm (Picken 1980) , growth rates at Signy Island and Rothera Point can differ by a factor of over 3. Variation in annual growth rate could be the result of a change in the length of the summer growth period (with growth rate unchanged), or a change in growth rate (with growth period unchanged) (Clarke 1991) . These two are, however, the extreme possibilities and a more likely explanation is a simultaneous change in both summer growth rate and the duration of the growth period. Like all grazing herbivores, N. concinna is dependent upon the seasonal blooming of epiphytic microalgal and microbial biomass, and it is likely that the period of summer production will be shorter at higher latitudes (although we currently have no data to confirm this). Growth rate in marine invertebrates will be influenced by both temperature and food availability. At Rothera Point, limpets marked in 1998 grew significantly faster than those marked in either 1997 or 1999 (Table 3 , Fig. 6 ). Seawater temperatures at Rothera were distinctly warmer in the 1998/1999 summer than in the previous or subsequent summers, in terms of the maximum temperature reached, the length of time for which temperature exceeded an arbitrary threshold of À1.0°C, and the integrated degree-days above this threshold (unpublished BAS data for seawater temperature at 15 m depth). This would suggest that the physical factors affecting growth were more favourable in the 1998/1999 austral summer when Nacella exhibited its fastest recorded growth rate at Rothera Point. Studies of the bryozoan Cellarinella watersi at Signy Island have shown that interannual variation in growth rate is also related to the length of the summer feeding period (Barnes 1995) . Unfortunately, we do not have data on the availability of food for Nacella at Rothera Point. Recent work on growth in encrusting intertidal fauna along the Antarctic Peninsula has also shown that growth rate can increase towards higher latitude as a life-history response to disturbance by ice (Barnes and Arnold 1999, 2001) .
The confounding influences of growth period and growth rate on annual growth mean that it is very difficult to demonstrate a latitudinal (or other geographical) variation in potential maximum growth rate and hence we cannot come to any conclusions as to whether or not Nacella shows local evolutionary adaptation in growth potential. No studies have yet been undertaken in Antarctica that seek to disentangle the confounding influences of covariation in temperature and food availability; indeed few have been undertaken anywhere. A notable exception has been a series of studies of growth in the Atlantic silverside, Menidia menidia, along the eastern seaboard of the United States. These have shown a high degree of compensation for mean environmental temperature in growth rate, which has been shown by controlled experimentation and breeding experiments to be determined genetically (Conover and Present 1990; Present and Conover 1992) . Studies of embryonic growth in gastropods have also indicated an evolutionary adjustment to intrinsic growth rate at different latitudes (Dehnel 1955; Ament 1979) .
Although large-scale comparisons of annual growth rate in Southern Ocean marine invertebrates and fish have shown that higher-latitude species tend to grow more slowly than lower-latitude species (Brey and Clarke 1993; Kock and Everson 1998) , these studies do not disentangle the effects of growth rate and growth season. Comparative seasonal studies of feeding and energetics are needed to distinguish whether N. concinna shows a latitudinal cline in maximum growth rate. Data from South Georgia would be particularly useful in this respect.
Comparison with other studies of annual growth rate in N. concinna There have been three other studies of annual growth rate in N. concinna; two from Signy Island (Picken 1980; Nolan 1991b ) and one from Hope Bay at the northern end of the Antarctic Peninsula (Breˆthes et al. 1994 ).
Nolan (1991b) undertook a mark/recapture study of 603 intertidal and subtidal limpets, of which 72 littoral and 44 sublittoral individuals were recovered after an average of 198 days (range 33-514) at liberty. Marked shell abrasion was noted in a significant number of individuals (roughly 30%). Nine individuals of initial length between 18 and 39 mm and release periods of between 147 and 363 days were used to estimate the van Bertalanffy growth parameters from a Ford-Walford plot. This very small data set suggested a much lower growth performance than the larger study reported here (Ø=4.345), but the result must be treated with some caution because of the small and selective nature of the data set used.
A similarly slow growth rate was reported by Picken (1980) . This study utilized the dark bands visible in the shells of N. concinna, which monthly samples had indicated were laid down seasonally: limpets collected in summer tended to have a light edge to the shell whereas those collected in winter tended to have a dark edge. Shells could be found with up to five clearly discernible dark bands, though in larger shells the earlier bands were generally indistinct, having been abraded. Measurement of the mean size of these bands in an overlapping series of shells allowed the construction of a Ford-Walford plot for the first 10 years of life. This also suggested a fairly low growth performance (Ø=5.303), with a limpet of shell length 15 mm being 5 years old and growing 2.6 mm in the following year. Shabica (1976) also used external shell marks to age shells, though he estimated a 15-mm limpet as only 2-3 years old.
There is thus a striking discrepancy between the very slow growth reported for younger limpets by Picken (1980) , and the faster rates for intermediate-sized limpets detected in our study by mark/recapture techniques. The generally slow growth typical of polar marine invertebrates (Brey and Clarke 1993 ) means that it is rarely possible to use techniques involving length/frequency analysis to follow the growth of individual cohorts or year classes through sequential samples. The only exceptions arise when recruitment is constrained to a relatively short time interval and the growth of the youngest cohort can be tracked through time. Both Picken (1980) at Signy Island and Breˆthes et al. (1994) at Hope Bay were able to do this, and these studies agree in two respects: the growth of the newly recruited limpets is slow, and it is also seasonal. This newly settled juvenile cohort could clearly be identified as a discrete peak in the monthly size/frequency plots, and growth could also be tracked over the 1st year of post-metamorphic benthic existence. Picken (1980) first detected newly recruited juveniles in the middle of the austral winter (July), and these individuals had a mean shell length of 0.85 mm. Growth was very slow until early spring, and fastest between November and February, after which period growth effectively ceased. By March, the mean size had doubled to 1.64 mm. A similar pattern was observed at Hope (Esperanza) Bay (Breˆthes et al. 1994) . Although a few small juveniles could be found at 5 and 10 m depth from February to June, there was a marked recruitment of juveniles to the sampled population in July. These recruits were, however, larger than those found at Signy Island (the mean size at Hope Bay was 7 mm), suggesting that the sampling technique had missed the very small individuals collected at Signy by Picken (1980) . The range of sizes collected at Hope Bay was 2-46 mm, and Breˆthes et al. (1994) concluded that initial settlement was at depths below those sampled, and they assigned an age of <1 year to the 5-mm limpets that first appeared on their samples in July. Given that the newly recruited juveniles whose growth was tracked at Signy had only reached a mean size of 1.64 mm after their first summer, the smallest limpets observed at Hope Bay may actually have been in their 3rd (rather than 2nd) year. The growth of larger limpets is almost impossible to track through length/frequency histograms, but Breˆthes et al. (1994) were able to fit a seasonally varying van Bertalanffy growth curve to estimated modal lengths. This suggested slow growth, and gave an age of 4 years for a limpet of shell length 20 mm.
Growth rates estimated for small limpets (<10 mm) from length/frequency histograms are thus slow, whereas actual growth determined from mark/recapture of larger limpets (12-40 mm: Table 2 , Appendix) is much faster. This suggests that the overall growth curve for N. concinna is sigmoidal, with a strong within-year seasonality superimposed.
Comparison with other limpets
Growth rate has been measured in many species of limpets, and a valuable compilation of data for 20 species is provided by Branch (1981) . Values of the von Bertalanffy growth coefficient, K, varied from <0.1 (Notacmaea petterdi) to 5 (Notacmaea insessa). The data reported here for Nacella concinna (ranging from 0.073 to 0.323: Table 3 ), fall in the lower (slowest growing) third of the range reported for all limpets. Comparisons based simply on the von Bertalanffy growth parameter K can, however, be misleading because of the influence of maximum size, L ¥ , on K. We therefore calculated the growth performance index Ø for all studies of patellacean limpets known to us where reasonably robust estimates of K and L ¥ were available or could be derived from published data. These data reveal a statistically highly significant (P<0.001) inverse relationship between growth performance index and latitude (Fig. 7) . N. concinna has the lowest growth performance index reported for any patellacean limpet so far, but is not distinct from the global trend. Since latitude is simply a geographical convention, these data pose the question of what ecological factors that covary with latitude are driving this global pattern in limpet growth performance.
The most obvious environmental factors that might be considered to influence growth rate, and which covary with latitude, are temperature, insolation and photoperiod. Temperature has long been considered to be a major factor regulating growth rate, though careful comparative studies have often revealed significant evolutionary compensation (Conover and Present 1990; Present and Conovor 1992 ; see also discussion in Clarke 2003) . Detailed studies of grazing in several species of Patella have shown that food consumption has a complex relationship with insolation and temperature (Thompson et al. 2000) . For intertidal organisms, temporal patterns of feeding, and hence realized growth Fig. 7 Growth performance index as a function of latitude in patellacean limpets. Northern hemisphere data are in black and southern hemisphere data are in unfilled circles. Growth performance declines significantly with latitude (F=18.9, P £ 0.001). Data are listed in Appendix rate, will also be affected by factors such as desiccation and predation. That growth rate is regulated by a complex suite of factors is shown clearly by the wide range of growth rates exhibited at any given latitude (Fig. 7) . Nevertheless, it is also clear that at the macroecological scale there exists a broad relationship between realized growth rate and latitude. The challenge is to determine the underlying causes.
Conclusion
The growth of the Antarctic limpet Nacella concinna is seasonal, with shell being produced predominantly in summer. Annual shell growth is generally slow, with the rate at Rothera Point (67°S) being the slowest yet recorded for any limpet. Annual growth varies latitudinally, with limpets at Signy Island (60°S) growing at rates comparable with many temperate limpets. Patellacean limpets show a global cline in growth performance, with annual shell growth being inversely related to latitude.
wide range of techniques and sample numbers, and not all studies were concerned primarily with the determination of growth rate; the data must therefore be regarded as indicative rather than definitive in many cases Choat and Black (1979) 
